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A FORTRAN PROGRAM TO CALCULATE AN ENGINEERING ESTIMATE OF THE 
SPACE VEHICLE AT HIGH ALTITUDES 
THERMAL RADIATION TO THE BASE OF A MULTI-ENGINE 
SUMMARY 
A method of es t imat ing  the r a d i a n t  h e a t  f l u x  i n  a base of a r b i t r a r y  
shape from i n t e r s e c t i o n  regions caused by the  i n t e r a c t i o n  of hydrogen- 
oxygen engine exhaust j e t s  i s  presented. An approximate method of 
genera t ing  the  i n t e r s e c t i o n  reg ion  shape and temperature-pressuie  pro- 
f i l e s  is d iscussed .  A computer program incorpora t ing  both of t he  above 
is  descr ibed and i n s t r u c t i o n s  a r e  given f o r  i t s  loading and use.  The 
accuracy of t h i s  program i s  expected t o  y i e l d  wi th in  an  order  of magni- 
tude of the  t r u e  va lue  of thermal r a d i a t i o n .  
I. INTRODUCTION 
A con t r ibu t ing  f a c t o r  t o  the  base hea t ing  r a t e  on upper s t a g e  
veh ic l e s  is r a d i a t i o n  from the exhaust plumes. Limiting the  d i scuss ion  
t o  upper s t a g e  vehicles makes it unnecessary t o  consider  the  a f t e rbu rn ing  
problem. With t h i s  s i m p l i f i c a t i o n ,  t h i s  r a d i a n t  hea t ing  problem lends 
i t s e l f  t o  d i v i s i o n  i n t o  th ree  d i s t i n c t  r a d i a t i n g  regions:  t h e  super-  
s o n i c  cores ,  the  f i r s t  o rde r  plume impingement reg ions ,  and the  extremely 
complex flow f i e l d  downstream from the  base  where the  supersonic  cores ,  
f i r s t  o rde r  reg ions ,  and h igher  order  reg ions  merge. 
o rde r  plume impingement region" is used t o  desc r ibe  the  reg ion  c rea t ed  
by the  shock formed when two exhaust plumes i n t e r s e c t .  This r eg ion  is 
an  a rea  of high temperature and pressure.  
formed by the  i n t e r s e c t i o n  of two f i r s t  o rder  regions.  This terminology 
can be extended t o  desc r ibe  any number of i n t e r s e c t i n g  regions and w i l l  
be used throughout t h i s  r epor t .  
The t e r m  " f i r s t  
A second order  reg ion  is 
Of t h e  t h r e e  types of r ad ia t ing  reg ions ,  t he  f i r s t  two y i e l d  t o  
a n a l y s i s  while  t he  t h i r d ,  being v i r t u a l l y  undefinable ,  does not .  It was 
decided e a r l y  i n  the  ana lys i s  t o  cons ider  t he  supersonic  cores  and f i r s t  
o rde r  reg ions  as independent primary sources  of r ad ia t ion .  To take 
account  of the  complex downstream flow f i e l d ,  i t  w a s  decided t o  e s t ima te  
a "lump sum" a d d i t i o n  t o  the  Tina1 o v e r a l l  r a d i a t i v e  f l u x ,  t h i s  e s t ima te  
being based on the  numbers obtained f o r  the  p r iqa ry  r a d i a t i o n  sources .  
Fur ther  a n a l y s i s  has revealed t h a t  of the  two remaining reg ions ,  the  
supersonic  cores  a r e  o f t e n  i n s i g n i f i c a n t ;  thus we have l i m i t e d  ourse lves  
i n  the  computer program described h e r e  t o  a c a l c u l a t i o n  of t he  r a d i a t i o n  
from t h e  f i r s t  o rder  i n t e r s e c t i o n  reg ions  only.  
The supersonic  cores  i n  genera l  are  a c  a considerably lower calcu- 
l a t e d  temperature than the  i n t e r s e c t i o n  r eg ion  and , in  add i t ion ,  are 
loca ted  c lose r  t o  the base.  Because of t h i s ,  r a d i a t i o n  is less in t ense  
and more completely blocked by components i n  the base  region.  However, 
ggr t h e  u s e r .  who f e e l s  t h a t  t he  supersonic  cores  w i l l  con t r ibu te  
m a t e r i a l l y  t o  h i s  p a r t i c u l a r  problem, a program has been developed t o  
c a l c u l a t e  the add i t iona l  r a d i a t i o n  from these reg ions  using methods 
i d e n t i c a l  to those descr ibed i n  t h i s  r epor t .  
Proper use  of the program discussed  he re  w i l l  thus provide the user  
wi th  an  es t imate  of the inc iden t  r a d i a t i o n  i n  a minimum of t i m e  and w i l l  
show i f  a m o r e  d e t a i l e d  a n a l y s i s  is needed. 
11. CAPABILITIES AND LIMITATIONS 
A .  Capab i l i t i e s  
The program w i l l  estimate the  r a d i a t i o n  inc iden t  on a base of 
a r b i t r a r y  conf igura t ion  from any number of f i r s t  o rder  reg ions  and w i l l  
p r e d i c t  how much of t h i s  r a d i a t i o n  w i l l  be blocked by in te rvening  s t r u c -  
t u r e s  i n  the  base region. The user has the  opt ion  of choosing the  
method of ca l cu la t ion  of the temperature and pressure  f i e l d s  i n  the  
i n t e r s e c t i o n  reg ion  from the  th ree  methods programed.  I n  a d d i t i o n ,  
the  a c t u a l  r a d i a t i o n  is ca l cu la t ed  by two d i f f e r e n t  methods t o  a l low 
comparison of two t h e o r e t i c a l  approaches t o  the  problem. Of these  
methods, t he  average temperature and p res su re  method is more conserva t ive  
s i n c e  it assumes t h a t  the  r a d i a t i o n  passes  through a t r anspa ren t  space 
from t h e  r a d i a t i n g  reg ion  t o  the  base,  when i n  f a c t  it is passing through 
an  absorbing medium. This method thus provides a probable  upper l i m i t  
t o  t he  h e a t  f l u x  r a t e .  The o the r  approach accounts  f o r  t he  abso rp t ion  
by an  'approximate method ou t l ined  by Ho t t e l  i n  Reference 1. Each method 
is presented with and without. a blockage c o r r e c t i o n  f a c t o r .  
B. Limitat ions and Assumptions 
A s  mentioned e a r l i e r ,  t h i s  program computes only the  r a d i a t i o n  
con t r ibu t ion  from the  f i r s t  o rder  i n t e r s e c t i o n  reg ions .  These reg ions  
a r e  assumed t o  have approximately e l l i p t i c a l  c ross  s e c t i o n s  and t h e i r  
temperature and p res su re  p r o f i l e s  are r a d i a l l y  i n v a r i a n t .  That is, 
temperature and pressure  a r e  assumed t o  vary  i n  an  a x i a l  d i r e c t i o n  only. 
These p r o f i l e s  and t h e  geometry of the reg ion  a r e  genera ted  from inpu t  
taken from a method of c h a r a c t e r i s t i c s  p r i n t o u t  f o r  a f r e e  j e t  expansion 
i n t o  quiescent  a i r .  
generated by assuming t h a t  t h i s  expanding plume impinges on a f l a t  p l a t e  
placed i n  t h e  flow a t  a d i s t a n c e  equal  t o  one ha l f  t he  d i s t a n c e  between 
nozzle cen te r l ines .  Oblique shock theory is then used t o  produce the  
geometry as described i n  Sec t ion  IIIA of  t h i s  r e p o r t .  







Both r a d i a t i o n  methods use the  emis s iv i ty  da t a  of Hot te l  g iven  
i n  Reference 1 without  the cor rec t ion  f o r  p a r t i a l  p ressure .  ~ These d a t a  
are used i n  the  form of a polynomial curve f i t  wi th  a maximum e r r o r  i n  
f i t  of 3 percent .  
p a s s  through a t r anspa ren t  medium u n t i l  i t  impinges on t h e  base o r  is 
blocked by one of t he  s o l i d  components i n  the base  reg ion  (such as 
motors and h e a t  s h i e l d ) .  
Radiat ion from each i n t e r s e c t i o n  reg ion  is assumed t o  
Therefore ,  the  program is r e s t r i c t e d  t o  use  i n  cases  where the  
only s i g n i f i c a n t  r a d i a t i n g  spec ie s  i n  the exhaust is water  vapor. 
t h e  curves were f i t  t o  new emiss iv i ty  d a t a ,  t h e  program could be changed 
t o  t rea t  o the r  r a d i a t i n g  spec ies .  
I f  
111. THEORETICAL BACKGROUNn 
The gas r a d i a t i o n  is t r ea t ed  wi th  a comparatively crude approxi-  
mation. The emission and absorpt ion c o e f f i c i e n t s  , which a c t u a l l y  va ry  
i n  more o r  l e s s  unknown fash ion  through the  emission spectrum of the  gas 
a r e  replaced by a lumped emiss iv i ty  r ep resen t ing  an  in t eg ra t ed  e f f e c t  
over the whole emission spectrum. This lumped o r  t o t a l  emis s iv i ty  was 
obtained from experiments on comparatively small  samples of a homogeneous 
gas and ex t r apo la t ed  versus  sample s i z e  , pres su re  , and temperature.  The 
e x t r a p o l a t i o n  becomes progress ive ly  more unce r t a in  the  f u r t h e r  one moves 
away from the  a c t u a l  t e s t  condi t ions.  Use of these data  f o r  es t imat ing  
r a d i a t i v e  hea t ing  of f u l l  s c a l e  rocket  conf igura t ions  should normally 
involve e x t r a p o l a t i o n  of these data t o  l a r g e r  beam lengths  and lower 
pressures  than those used i n  the  bas ic  experiments.  Fur ther ,  these  
measurements from homogeneous gas samples a r e  used t o  es t imate  r a d i a t i v e  
emission from nonhomogeneous gas volumes. 
u n c e r t a i n t i e s .  
This may produce a d d i t i o n a l  
Two methods a r e  proposed f o r  t h i s  es t imate :  the  average tempera- 
t u r e  method and the  absorp t ion  method. I n  both cases ,  the  r a d i a t i n g  gas 
volume is subdivided i n t o  conica l  penc i l - l i ke  volume elements , extending 
along l i n e s  of s i g h t  from the base s u r f a c e  element i n  quest ion.  
t u r e ,  d e n s i t y ,  and p a r t i a l  pressure of the  r a d i a t i n g  spec ie s  vary  along 
the  gas penc i l .  
Tempera- 
For the  average temperature method, the  p r o p e r t i e s  of the  gas ,  i . e . ,  
T4 and p a r t i a l  p ressure ,  a r e  averaged over t he  l eng th  of the  penc i l .  
The "pencil" i s  then t r e a t e d  a s  a homogeneous gas sample, y i e ld ing  a 
corresponding emiss iv i ty  wi th  a corresponding view f a c t o r .  
t he  energy f l u x  con t r ibu t ion  t h a t  impinges on the  base s u r f a c e  element 
under i n v e s t i g a t i o n  is  computed, 
From these ,  
3 
I n  the absorp t ion  method, the "gas penc i l "  is  d iv ided  l o n g i t u d i n a l l y  
i n t o  ind iv idua l  elements of d i f f e r e n t  pressures  and temperatures .  The 
energy rad ia ted  from each long i tud ina l  element toward the  base s u r f a c e  
element under inves t iga t ion  is s u b j e c t  t o  absorp t ion  lo s ses  i n  the 
penc i l  elements i t  has t o  pass through. This abso rp t ion  loss is e s t i -  
mated by the assumption t h a t  the whole gas penc i l  between the  r a d i a t i n g  
element and the  s u r f a c e  of the i n t e r s e c t i o n  reg ion  has the same gas 
p rope r t i e s  (T, P H , ~ )  a s  the r a d i a t i n g  element. While t h i s  model admi t ted ly  
l o s e s  any e f f e c t s  of proper ty  v a r i a t i o n  on the  abso rp t ion ,  i t  s i g n i f i c a n t l y  
reduces the complexity of the es t imate  by e l imina t ing  one i n t e g r a t i o n .  
To s impl i fy  the  p re sen ta t ion ,  t he  fol lowing d i scuss ion  w i l l  consider  
the  program a s  though it were divided i n t o  four  s epa ra t e  programs. 
A. Geometry and Temperature-Pressure P r o f i l e s  
From a method of c h a r a c t e r i s t i c s  a n a l y s i s  of a f r e e  plume expan- 
s i o n  i n t o  quiescent  a i r ,  one may o b t a i n  va lues  f o r  Mach number (M) and 
t low d i r e c t i o n  angle  (e)  a t  var ious  po in t s  i n  the  exhaust plume. Values 
of M and e along a l i n e  of cons tan t  r ad ius  a r e  i n t e r p o l a t e d  from t h i s  
ou tpu t  (Figure 1). I n  add i t ion ,  one obta ins  the  plume expansion r ad ius  
( r a d i a l  d i s t ance  from nozzle  c e n t e r l i n e  t o  j e t  boundary s t reaml ine)  as 
a func t ion  of a x i a l  d i s t ance .  Using these  input  d a t a ,  the i n i t i a l  r eg ion  
geometry and temperature-pressure p r o f i l e s  a r e  generated us ing  the  follow- 
ing procedure. 
1. Geometry of the  I n t e r s e c t i o n  Region 
I n  Figure 2, a r e p r e s e n t a t i v e  c ros s  s e c t i o n  is drawn. The 
semi-major ax is  of the  c ross  s e c t i o n ,  A D I S ,  was determined by connecting 
the overlap of circles whose diameters  were e s t a b l i s h e d  by t h e  f r e e  plume 
boundaries from the method of c h a r a c t e r i s t i c s .  Determination of the semi- 
minor a x i s  was more d i f f i c u l t .  It was  assumed t h a t  the flow f i e l d  from 
two ad jacen t  s t reams d e f l e c t s  by the  same amount. This assumption p r e -  
serves symmetry about the  major axis of t he  r eg ion  and is compatible wi th  
a hypothe t ica l  model cons i s t ing  of a plane placed h a l f  way between two 
ad jacen t  engines. This model is sketched i n  F igure  3. A t  po in t s  0, 1, 
2, 3,  e t c . ,  the Mach number and flow angles  a r e  known. The flow imping- 
ing on the p l a t e  a t  po in t  0 produces an  obl ique  shock a t  an angle  
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where M,, the  Mach number before  the shock, is the  Mach number Mo which 
we  have obta ined  from the  method of c h a r a c t e r i s t i c s  ana lys i s .  This shock 
is shown as OB-1. It is c l e a r  t h a t  i t  is a t  an angle  of (6 - e) from the 
hypo the t i ca l  f l a t  p l a t e .  The mass flow between s t r eaml ine  SL-0 and SL-1 
is now assumed t o  be turned a t  the shock s o  t h a t  i t  is flowing downstream 
pa ra l l e l  t o  t h e  w a l l .  Becduse of con t inu i ty ,  the  flow occupies a c e r t a i n  
d i s t a n c e  from the  p l a t e  t o  some s t reaml ine  SL-1'. 
and flow ang le  known t o  e x i s t  a t  
p o i n t  1'. This t r a n s f e r  is j u s t i f i e d  on t h e  grounds t h a t  t he  temperature 
and p res su re  a r e  assumed cons tan t  i n  a r a d i a l  d i r e c t i o n  and t h a t  thus t h e  
flow ang le  and Mach number must be cons tan t  a l s o .  
shock a g l e  6, is ca l cu la t ed  as before  awd another  s e c t i o n  of t h e  i n t e r -  
s e c t i o n  r eg ion  boundary is determined. The process  is repea ted  u n t i l  
t he  e n t i r e  reg ion  geometry is obtained. It is immediately obvious t h a t  
t h i s  approach ignores  mass flowing between po in t  A and p o i n t  1'. This 
assumption should be reasonable  i f  the va lue  of (6 - e), is small and 
t h e  va lue  of (e) ,  is l a rge .  T n i s  case corresponds t o  t h e  h igh ly  expand- 
ing plume, which is the case normally encountered i n  h igh  a l t i t u d e  
operc t ion .  
Next, the  Mach number 
poin t  1 a r e  t r a n s f e r r e d  r a d i a l l y  t o  
A t  po in t  1' a new 
Equation (1) is l imi ted  i n  t h a t  it can only gene ra t e  d o c k  
angles  f o r  va lues  of flow angle  less than a c e r t a i n  value.  Figure 12  
shows a paramet r ic  p l o t  of t h i s  equat ion f o r  a y value  of 1.23 and f o r  
Mach numbers ranging from 1.1 t o  20. It is c l e a r  t h a t  s i n c e  plume Mach 
numbers seldom exceed 10, flow angles of 55 degrees and above w i l l  no t  
y i e l d  s o l u t i o n s  t o  equat ion (1). In  these  cases ,  a shock ang le  of 
65 degrees  was assumed s i n c e  t h i s  is approximately the  maximum shock 
ang le  t h a t  can be produced by equat ion (1) f o r  Mach numbers i n  t h e  range 
of those encountered i n  j e t  plumes.  (Note t h a t  t he re  are two s o l u t i o n s  
t o  equat ion  (1) f o r  any flow angle .  The h i g h e s t ,  o r  "s t rong  shock" 
s o l u t i o n ,  is n o t  used i n  the  ana lys i s . )  
The process ou t l ined  above is repea ted  u n t i l  a complete 
geometr ica l  p r o f i l e  of t he  reg ion  is developed. F igure  4 i l l u s t r a t e s  
t h e  a p p l i c a t i o n  of the  procedure fo r  s e v e r a l  increments. Refer r ing  t o  
t h e  Figure,  we can s e e  t h a t  the  geometrical  r e l a t i o n  which l i n k s  any one 




2. Pres sure-  Temperature P r o f i l e s  
With the  geometry of the  i n t e r s e c t i o n  reg ion  computed, the 
program re tu rns  t o  the input  d a t a .  The pressure- temperature  p r o f i l e s  
are generated using the  same model as before .  Pos tu l a t ing  a s  b'efore 
the information of an obl ique shock whose angle  i s  determined by the  
inpu t  flow angle  f o r  t h a t  p a r t i c u l a r  a x i a l  d i s t a n c e ,  the proglem re so lves  
i t s e l f  i n t o  the determinat ion of s t a t i c  temperatures and pressures  behind 
a shock from the  t o t a l  condi t ions  before  t h e  shock. Three methods of 
c a l c u l a t i n g  these temperatures and pressures  a r e  programmed and may be 
s e l e c t e d  by the use r ,  I n  gene ra l ,  t he  obl ique  shock temperature and 
pressure  equations should be used s i n c e  they a r e  more conserva t ive  than 
the  o t h e r  two models and because t h e i r  use maintains  cons is tency  wi th  
the equations used t o  genera te  the  reg ion  geometry, 
Using the  s u b s c r i p t s  1, 2, and 0 t o  denote,  r e s p e c t i v e l y ,  
s t a t i c  condi t ions before  the  shock, s t a t i c  condi t ions  a f t e r  t he  shock, 
and t o t a l  condi t ions,  the  fol lowing i s e n t r o p i c  p e r f e c t  gas r e l a t i o n  
holds : 
Also  the  a d i a b a t i c  p e r f e c t  gas r e l a t i o n  is 
The obl ique  shock r e l a t i o n s  used a r e  ta-en iiOm NACA Report 11 
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( 4 )  
as 
(5 1 5 = [27 M , ~  s i n 2  6 - ( y  .- l ) ] [ ( y  - 1) M,2 s i n 2  6 + 21 
T l  ( y  + 1)2 MI2 s i n 2  6 
and 
& =  27 M,2 s i n z  6 - 
Pl Y + l  
( y  - 1) 
6 
A s  mentioned i n  the  geometry s e c t i o n ,  cases  e x i s t  where the  
shock angle  6 cannot b e  determined. I n  these  s i t u a t i o n s ,  the  program 
automat ica l ly  switches t o  another  method of c a l c u l a t i o n  using t h e  Rankine- 
Hug i n o  t equat ion  
where 
and 6 = y M12 s i n 2  a a = y + 1  
f o r  t h e  temperature ca l cu la t ion .  
For t h e  pressure  ca l cu la t ion ,  t he  modified Newtonian Impact 
Theory equat ion  
-Z P = C ( y / 2 )  Ml2 -I- 1 
Pl p 
and 
c = 2 s i n z  e (9) 
P 
is  used. 
by input ing  a con t ro l  va lue  as descr ibed i n  Sec t ion  V I I I A  of t h i s  r e p o r t .  
These equat ions may a l s o  be c a l l e d  f o r  by t h e  use r  i f  d e s i r e d  
I n  add i t ion ,  t h e  i s en t rop ic  flow equat ion  
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is programmed and may be requested by use of t he  con t ro l  v a r i a b l e .  The 
p r e s s u r e  ca l cu la t ion  is made using equat ion  (8).  
These c a l c u l a t i o n s  are repea ted  progress ing  - i n  an a x i a l  
d i r e c t i o n  u n t i l  the  e n t i r e  p r o f i l e  has been generated.  Due t o  the  
assumption t h a t  the  s t a t i c  temperature be fo re  the  shock is constan.t ,  
i t  fol lows t h a t  the  s t a t i c  temperature behind the  shock does not  vary  
from p o i n t  0 t o  po in t  1' i n  Figure 3 and thus a l s o  from 0 t o  1 .  Then, 
a t  p0in.t 1, a s t e p  d i s c o n t i n u i t y  w i l l  e x i s t  and the temperature from 1 
t o  2 w i l l  be the  temperature ca l cu la t ed  from the  flow angle  a t  p o i n t  1. 
I f  a p l o t  of temperature vs  axial  d i s t a n c e  were obta ined ,  t hese  discon- 
t i n u i t i e s  would cause the  curve t o  resemble a " s t ep"  func t ion .  
smooth the  curve, l i n e a r  temperature g rad ien t s  and no t  cons tan t  tempera- 
t u r e s  a r e  assumed t o  e x i s t  between analyzed a x i a l  po in t s .  
To 
B. The Averaae Temperature Method 
The Average Temperature Method is an a n a l y s i s  of t he  problem 
which uses  the fundamental Stephan-Bo1 tzman Law 
Obviously, a s o r t  of mean temperature and pressure  f o r  each r a d i a t i n g  
increment must be  developed. The method of c a l c u l a t i n g  these  mean va lues  
is descr ibed  below. 
The i n t e r s e c t i o n  reg ion  w a s  f i r s t  d iv ided  i n t o  a number of 
increments. A l i n e  of s i g h t  from a po in t  on the  base t o  the lower edge 
of each increment was  e s t a b l i s h e d  and extended through t o  the  rear f a c e  
of t he  plume. A view f a c t o r ,  F, t o  account f o r  t he  f a c t  t h a t  the p o i n t  
on t h e  base  only "sees" one s i d e  of each r a d i a t i n g  increment,  was calcu-  
l a t e d  following the  ana lys i s  of Sparrow [ 2 ] .  This d e r i v a t i o n  is p e r -  
formed i n  d e t a i l  i n  Appendix A. This f a c t o r  is ca l cu la t ed  f o r  each 
ind iv idua l  increment r a d i a t i n g  t o  a p o i n t  (Figure 5).  
a 
The mean temperature a long the  beam l eng th  i t s e l f  is 
j2 ( T ( x ) ) ~  dx 
c 
t' where x1 and x2 a r e  the  a x i a l  coordinates  of the po in t s  where the  beam 
e n t e r s  and leaves the i n t e r s e c t i o n  reg ion ,  r e spec t ive ly .  A s i m i l a r  
formula is  app l i ed  f o r  t he  eva lua t ion  of the  average pressure  along 
the  beam length .  Using t h i s  average p res su re ,  the  p a r t i a l  p re s su re  of 
the water vapor i n  the exhaust is 
P = (FX1) PAv, 
H2O 
where FX1 is the  mole f r a c t i o n  of H,O vapor i n  the  exhaust  plume. 
With the  p a r t i a l  p ressure ,  temperature,  and beam length  de t e r -  
mined, t he  emis s iv i ty  is obtained from the  da t a  of Ho t t e l  [ l ] .  These 
emis s iv i ty  da t a  have been cu rve - f i t t ed  wi th  a s e r i e s  of polyqomial 
expressions such t h a t  the  maximum e r r o r  is 23 percen t  i n  f i t .  From t h i s  
the  emis s iv i ty  may be determined and used i n  the  f i n a l  express ion  fo r  Q, 
the  h e a t  .f lux 
C. The Absorption Method 
The absorp t ion  method employs the  equat ion developed by Ho t t e l  
[l] t o  account  f o r  the  absorp t ion  i n  the i n t e r s e c t i o n  region.  The equa- 
t i o n  employed is 
Q = 11 a T4 (dddX) COS edw dX. 
w x  
It 





l l  
w 
is a s o l i d  angle  shape f a c t o r  previously c a l l e d  F. Then 
The plume is d iv ided  a s  before  i n t o  increments and a penc i l  
ray  ( l i n e  of s i g h t )  e r ec t ed  t o  the  lower edge of each increment. This 
l i n e  of s i g h t  is  now the o p t i c a l  beam along which equat ion (18) must 
be evaluated. To do t h i s ,  we must f i r s t  eva lua te  the  pressure  and 
temperature a t  var ious  po in t s  along the beam. This is  done using a 
s t r a i g h t  l i n e  i n t e r p o l a t i o n  method which is q u i t e  v a l i d  because of the  
smooth nature  of the temperature and pressure  p r o f i l e s  and t o  the small 
d i s t ance  between po in t s  a t  which the  eva lua t ion  is  made. 
The emiss iv i ty  s lope  is e a s i l y  eva lua ted  s i n c e  the curve f i t s  
mentioned i n  Sec t ion  IIIB a r e  funct ions of (PL) wi th  T a s  a parameter'. 
Thus, an e x p l i c i t  d i f f e r e n t i a t i o n  of these polynomial curve f i t s  is 
poss ib l e  without r e s o r t i n g  t o  numerical techniques.  Since a l l  the  
v a r i a b l e s  a r e  func t ions  of t h e  p o s i t i o n  v a r i a b l e  L,  we may now proceed 
t o  s impl i fy  equat ion (18). 
d(PL) = PdL 
s i n c e  
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by t h e  assumption that temperature and p res su re  a r e  cons t an t  i n  the 
p a r t i c u l a r  increment of l eng th  under a n a l y s i s .  Then 
PL2 
Q = Fa 1 T14 $ dL. 
Equation (21) is eva lua ted  using Simpson's r u l e  and the va lue  f o r  F 
a l r e a d y  computed i n  Sec t ion  IIIB. 
D. Blockage 
I n  c e r t a i n  base  conf igura t ions ,  a g r e a t  dea l  of the  r a d i a t i o n  
from the  exhaust plumes w i l l  impinge upon the motors, hea t  s h i e l d ,  and 
o t h e r  obs t ruc t ions  i n  t h e  base,  and w i l l  n o t  t h e r e f o r e  c o n t r i b u t e  t o  
t h e  h e a t  f l u x  r a t e  t o  t h e  base. To eva lua te  how much of the  r a d i a t i o n  
is blocked, a s e c t i o n  of the program genera tes  a blockage f a c t o r  and 
a p p l i e s  i t  t o  each i n t e r s e c t i o n  region. This blockage f a c t o r  is not 
r e l a t e d  t o  t h e  form f a c t o r  F computed i n  Sec t ion  I I I B .  The form f a c t o r  
expresses  what p o r t i o n  of t h e  i n t e r s e c t i o n  r eg ion  the  po in t  "sees" 
assuming a t r anspa ren t  space between r a d i a t i n g  r eg ion  and po in t .  The 
blockage f a c t o r  i nc reases  t h e  rea l i sm of the  model by removing the  
I 1  t r anspa ren t  space" assumption and s u b s t i t u t i n g  the  a c t u a l  base obstruc-  
t ions.  
It was decided t h a t  the e a s i e s t  method of gene ra t ing  a blockage 
f a c t o r  was t o  determine i f  each ind iv idua l  beam was  blocked and i f  it 
w e r e  t o  consider  t h e  r a d i a t i o n  from the  increment a s s o c i a t e d  wi th  t h a t  
beam t o  be 0. Since t h e  increments have widths which i n  some cases a r e  
apprec i ab le ,  t h r e e  l i n e s  of s i g h t  a r e  e rec t ed  t o  each increment, one t o  
each s i d e  and one t o  the cen te r .  Each l i n e  is assumed t o  r ep resen t  one- 
t h i r d  of the r a d i a t i o n  inc iden t  from the region. Thus, blockage of each 
beam reduces the  i n c i d e n t  r a d i a t i o n  by one- th i rd .  
The obs t ruc t ions  are f i r s t  represented  as c i r c l e s  i n  a three-  
dimensional, Car tes ian  coord ina te  system loca ted  as follows. 
1. The xy plane is located a t ' t h e  e x i t  plane of the  motors 
such t h a t  the  z coord ina tes  of a l l  obs t ruc t ions  and the po in t s  t o  be 
analyzed a r e  nega t ive  o r  zero. 
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2. The xz plane passes  through the  cen te r  of the  h e a t  s h i e l d  
and through the po in t  being analyzed wi th  the  nega t ive  a x i s  i n  the  d i r ec -  
t i o n  of the p o i n t  being analyzed such t h a t  "x" and "z" coordinates  of 
t he  p o i n t  a r e  nega t ive  and the  "y" coord ina te  is  always 0. . 
3. The yz plane is o r i en ted  as usua l  i n  a right-handed Car tes ian  
coord ina te  system. See Figure 6 f o r  a g raph ica l  i l l u s t r a t i o n  of t h i s  
sys  t e m .  
The obs t ruc t ions  a r e  assumed t o  be c i r c l e s  l oca t ed  i n ,  o r  
p a r a l l e l  t o ,  the  xy plane.  In  t h i s  way, a three-dimensional nozzle  can 
be f a i r l y  wel l  represented  by, f o r  example, t h r e e  c i r c l e s  wi th  r a d i i  
equaling the r a d i i  of t he  nozzle  a t  t h ree  d i f f e r e n t  he igh t s .  The model 
expressing t h i s  nozzle  would then become t h r e e  c i r c u l a r  a r eas  i n  space 
given by the r e l a t i o n s  ( i n  our coordinate  system) 
(x - h ) 2  + (y - k);! s r12 z = z1 (22) 
(x - h ) 2  + (y - k ) 2  5 rZ2 z = z z  (23) 
(X - h ) 2  + (y - k ) 2  5 r32 Z = Z3. (24)  
I f  t h e  obs t ruc t ion  has i t s  a x i s  p a r a l l e l  t o  t he  a x i s  of t he  v e h i c l e  
(which is our z-axis)  then "h" and "k" are  cons tan t  f o r  the th ree  equa- 
t i ons .  The "h" and "k" coordinates  a r e  t h e  "x" and "y" coord ina tes  of 
t he  cen te r  of the obs t ruc t ion .  I f  t he  a x i s  of the  body is t i l t e d  wi th  
r e s p e c t  t o  the veh ic l e  a x i s  then "h" and "k" vary.  They a r e  then the 
coordinates  of  the cen te r  of the  obs t ruc t ion  a t  t h a t  p a r t i c u l a r  height .  
A s l i g h t  e r r o r  i s  thus introduced because of the  assumption t h a t  the  
c i r c l e s  l i e  p a r a l l e l  t o  the xy plane when, i n  f a c t ,  they a r e  t i l t e d  t o  
be perpendicular  t o  the obs t ruc t ion  a x i s ;  bu t  t h i s  e r r o r  w i l l  no t  be 
apprec i ab le  unless  t he  t i l t  is considerable .  
With equat ions ( 2 2 ) ,  ( 2 3 ) ,  and (24) def in ing  t h r e e  areas i n  
space,  i t  is  c l e a r  t h a t ,  f o r  a l i n e  of s i g h t  t o . avo id  i n t e r s e c t i n g  one 
of these  a reas ,  y e t  i n  f a c t  t o  be blocked by the  nozzle ,  t he  l i n e  of 
s i g h t  must be almost p a r a l l e l  t o  the  xy plane.  Since i n  p r a c t i c e  the  
i n t e r s e c t i o n  region must begin at: some f i n i t e  d i s t a n c e  above the nozzle  
e x i t  plane,  and the p o i n t  t o  be analyzed must be some d i s t a n c e  below the  
nozzle  e x i t  plane,  the l i n e  of s i g h t  angle  should be s u f f i c i e n t  t o  a l low 
these  t h r e e  c i r c l e s  t o  adequately desc r ibe  the  blockage. In  many cases ,  
i n  f a c t ,  one c i r c l e  s u f f i c e s .  ( In  theory,  a l a r g e  number of c i r c l e s  
used as above could completely desc r ibe  an axisymmetric obs t ruc t ion .  
I n  p r a c t i c e ,  however, only f o r t y  equat ions may be used i n  the  program 
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. t o  d e s c r i b e  the  whole base o r  a po r t ion  of i t  i f  s o  des i r ed .  
one should no t  use more c i r c l e s  than are necessary on any one obstruc-  
t ion.)  
Therefore ,  
Once t h e  e n t i r e  base  p i c tu re  has been presented  i n  the 
s i m p l i f i e d  terms shown above, the coordinate  system is s h i f t e d  so  that 
it is now centered a t  the  po in t  t o  be analyzed, t he  o r i e n t a t i o n  of t he  
axes being as before .  Now i t  is c l e a r  t h a t  a l l  t he  obs t ruc t ions  are a t  
p o s i t i v e  "z" coordinates  and most a r e  a l s o  a t  p o s i t i v e  "x" coord ina tes .  
To i l l u s t r a t e  t h i s  t ransformation,  assume a p o i n t  P l oca t ed  a t  
( X I ,  0, z ' )  as shown i n  F igure  6 where z = 0 is def ined  t o  exis t  a t  the 
nozzle  e x i t  plane.  Assume a l s o  a poin t  i n  an i n t e r s e c t i o n  r eg ion  loca ted  
a t  (xi, y i ) .  I ts  z coord ina te  i s  unimportant. Assume a l s o  a c i r c u l a r  
blockage loca ted  a t  (h, k ,  zo) with  a r ad ius  I ' r . "  The equat ions f o r  
t h i s  blockage reg ion  are 
(x - hz) + (y - k ) 2  5 rE. z = zo (25) 
To t r a n s f e r  these equat ions t o  a coordinate  system centered a t  P, the  
fol lowing t ransformat ion  equat ions a r e  needed. 
t o  t h e  new system.) 
(The s u b s c r i p t  2 r e f e r s  
x2  = x - XI Y 2  = Y z2 = z - ZI. (26) 
Then, t he  transformed blockage equat ion is 
(x2 + x' - h ) 2  + (y - k ) z  5 r2  z2 = zo - 2'. 
Given a l i n e  of s i g h t  with a n  angle ,  By from the  h o r i z o n t a l  
( t he  new xy p lane)  and knowing the  z coordinate  of t h e  obs t ruc t ion  (Fig- 
u r e  7 ) ,  we may c a l c u l a t e  the  d i s t ance  (HYP) from P t o  the  p o i n t  where the  
l i n e  of s i g h t  passes  through the  plane of the o b s t r u c t i o n  (z2 = zo - 2'). 
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Also, from the  coordinates  of the  cen te r  of t he  i n t e r s e c t i o n  reg ion  
which must be crossed by the  beam, a n  angle  8 may be ca l cu la t ed  a s  
f 01 1 ows : 
Iy i  I 
8 = t an  - . 
X 
i 
With e and HYP, t h e  coordinates  of the  p o i n t  where the  l i n e  of s i g h t  
passes through the  i n t e r s e c t i o n  reg ion  may be ca l cu la t ed .  
xO = (cos e) HYP (30) 
= ( s i n  e) HYP. (31) YO 
The s i g n  of yo is the  same as the  s i g n  of yi s i n c e  P is on the  x-axis.  
Now, i f  tlie ca l cu la t ed  va lues  of xo and yo s a t i s f y  equat ion (25) 
the l i n e  of s i g h t  is  blocked. I f  no t ,  t he  process  is repea ted  wi th  new 
parameters. F ina l ly ,  a new summation of a l l  the  unblocked r a d i a t i o n  is 
made t o  g ive  a b e t t e r  estimate of the  environment. 
I V .  PROGRAM DESCRIPTION 
The program is w r i t t e n  i n  Chain F o r t r a n  f o r  t he  GE 225 computer. 
The use of Chains was caused by t h e  l a r g e  number of subsc r ip t ed  v a r i a b l e s  
and makes the program a compendium of four  smaller programs. Each of 
these smal le r  programs contains  the  coding of t he  equat ions contained i n  
one of t he  four s e c t i o n s  j u s t  discussed.  
This segmenting makes checkout and e r r o r  i n v e s t i g a t i o n  q u i t e  s imple 
s i n c e  one can immediately i s o l a t e  a given s e c t i o n  as the  one i n  which the  
e r r o r  occurred and r e s t r i c t  h i s  i n v e s t i g a t i o n  t o  it. 
Each of t h e  four  s e c t i o n s  fol lows c l o s e l y  the p a t t e r n  l a i d  down i n  
the preceding po r t ion  of t h i s  repoat .  Numerous i n t e r p o l a t i o n ,  approxi- 
mation, and averaging methods which a r e  s i m i l a r  t o  techniques developed 
i n  the  s tandard t e x t s  [3] a r e  used a s  needed i n  the  program. No 
unusual numerical d i f f e r e n t i a t i o n  and i n t e g r a t i o n  techniques are  
employed, and nothing o the r  than simple geometry is used i n  the  var ious  
form f a c t o r  and beam l eng th  c a l c u l a t i o n s .  I n  s h o r t ,  the  theory pre- 
sented i n  the preceding po r t ion  of t h i s  r e p o r t  is  followed c l o s e l y  wi th  
l i t t l e  modif icat ion.  
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Figure 8 contains  a p r i n t o u t  of t he  program a s  it is read i n t o  
the  machine. Notice the  marginal no ta t ions  sepa ra t ing  the  four  sec-  
t i o n s  of t he  program. I f  each of these s e c t i o n s  is compared wi th  the  
corresponding theory s e c t i o n  of t h i s , r e p o r t  by a person f a m i l i a r  w i th  
For t ran  11, the re  is no reason why he should not  be a b l e  t o  fol low the  
progrmnning and t o  v e r i f y  h i s  r e s u l t s  i n  any way he wishes.  
Figure 9 contains  a flow diagram t o  completely i l l u s t r a t e  t he  flow 




(or a similar s u b s c r i p t )  
A(1, J) 
(J = 1 t o  4 )  
Descr ip t ion  and Units  
Numerical s u b s c r i p t  where J has a va lue  
from one number t o  another  ( i .e . ,  1 t o  L). 
Table of input  from t h e  method of 
character  is t i c s .  
Distance,  nondimensionalized by D I A ,  
measured along t h e  nozzle  axial  l i n e  
from the  exi t  plane of t h a t  nozzle.  
T h e ' f i r s t  va lue  must be the  i n i t i a l  
i n t e r s e c t i o n  poin t .  
Mach number corresponding t o  A(Iy  1) 
but loca ted  on the  a x i a l  l i n e  of t he  
i n t e r s e c t i n g  reg ion  (not  t o  be confused 
with c r i t i c a l  condi t ion  Mach number, 
Wk). 
Flow d i r e c t i o n  ang le  corresponding t o  
A ( 1 ,  1) but  loca ted  on the  a x i a l  l i n e  
of t he  i n t e r s e c t i n g  reg ion ,  i n  rad ians .  
Radius, nondimensionalized by DLA, of 
t h e  c i r c l e  formed by a plane drawn perpen- 
d i c u l a r  t o  the  nozzle  axial  l i n e  and 
cu t t i ng  the  exhaust plume f o r  a 
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CHAIW 
Center and r a d i i  of t he  blocka'ge reg ions  
loca ted  i n  the  (x, y,  z )  coord ina te  system 
i l l u s t r a t e d  i n  Figure 6 ,  f t .  
An increment length ,  nondimensionalized by 
D I A ,  t h a t  is 1/50 t h a t  of t he  beam length ,  
FLE (J )  . 
One-half t he  l eng th ,  nondimensionalized by 
DIA, of t he  major axis of t he  e l l i p t i c a l  
p lane  f o r  t h e  i n t e r s e c t i n g  region.  
The ang le  formed by t h e  beam and its pro- 
j e c t i o n  i n  the  base plane,  rad ians .  
Average temperature f o r  t he  beam length ,  
FLE(J), OR. 
Average p res su re  f o r  the  beam length ,  FLE(J), 
Am. 
One-half t he  length ,  nondimensionalized 
by DIA, of t he  minor a x i s  of t he  e l l i p t i c a l  
plane f o r  t he  i n t e r s e c t i n g  region.  
Dimensional va lue  f o r  the  beam length ,  f t .  
The angular  d i f f e r e n c e  between the  shock 
angle ,  DELTA, and a corresponding flow 
d i r e c t i o n  ang le )  , r ad ians .  
Minimum shock ang le  f o r  a g iven  GAMMA and 
Mach number, FM(J) (zero  flow d i r e c t i o n  
ang le ) ,  r ad ians .  
Maximum shock ang le  f o r  a g iven  GAMMA and Mach 

















Descr ip t ion  and Units  
Shock ang le  f o r  a g iven  GAMMA, Mach number, FM(J), 
and flow d i r e c t i o n ,  T ( J )  , rad ians .  
Diameter of  the nozzle  e x i t ,  f t .  
Emiss iv i ty  of t he  beam l eng th ,  FLE(J). 
Shape f a c t o r  corresponding t o  a given beam. (F 
is the  view f a c t o r  a s s o c i a t e d  wi th  each beam 
l eng th  t h a t  r a d i a t e s  energy back t o  the  viewpoint.)  
x-coordinate of i n t e r s e c t i o n  reg ion  cen te r  i n  
coord ina te  system of Figure 6 .  
y-coordinate of i n t e r s e c t i o n  reg ion  centek i n  
coord ina te  system of Figure 6. 
The d i s t ance ,  nondimensionalized by DIA, i n  the  
base  plane from the  p o i n t  of view t o  the  ax ia l  
l i n e  f o r  the i n t e r s e c t i n g  region.  (The va lue  of 
FK is always negat ive.)  
Value, e i t h e r  +1 o r  0, i n s t r u c t i n g  computer on 
how t o  proceed. 
Length, nondimensionalized by DIA, of the  beam 
w i t h i n  the bounds of  the  i n t e r s e c t i n g  region.  
Mach number on the  a x i a l  l i n e  of t he  i n t e r s e c t i n g  
r eg ion  corresponding t o  XD(J) (not  to be confused 
wi th  c r i t i c a l  cond i t ion  Mach number, MJC). 
Mole f r a c t i o n  of each of t he  gas components i n  t h e  
exhaus t p lune. 
Rat io  of s p e c i f i c  h e a t s  f o r  t he  exhaust  components. 
Number of des i red  da t a  va lues  f o r  XD(J). 
Number of data  va lues  input  f o r  each A ( I ,  l),  
A ( I ,  Z), A ( 1 ,  3 ) ,  and A ( 1 ,  4 )  i n  Chain I. 
















Descr ip t ion  and Units  
I f  +1: obl ique  shock theory temperature and 
pressure  used. 
0: Rankine-Huginot temperature and Newtonian 
impact theory pressure  used. 
-1: i s e n t r o p i c  temperature and Newtonian impact 
theory used. 
Rat io  of base p re s su re  t o  e x i t  p ressure .  
V i e w  angle  formed by one-half t he  minor a x i s ,  
BDIS(J), of t h e  e l l i p t i c a l  plane f o r  the i n t e r -  
s e c t i n g  reg ion  and a corresponding p r o j e c t i o n  of 
p a r t  of t he  beam i n t o  the  same e l l i p t i c a l  plane 
(Figure 6 )  , rad ians .  
P a r t i a l  p re s su re  f o r  the  beam length ,  FLE(J), ATM. 
Chamber p re s su re  of the  nozzle ,  ATM. 
S t a t i c  p re s su re  f o r  a l o c a t i o n  i n  the exhaust 
plume, ATM. 
x-coordinate  of po in t  being analyzed i n  coord ina te  
s y s t e m  of Figure 5 .  
y-coordinate  of p o i n t  being analyzed. 
z-coordinate  of po in t  being analyzed. 
Radiant h e a t  f l u x  by the  average temperature and 
pressure  method f o r  the beam l eng th ,  FLE(J), 
BTU/ f t2-s e c . 
The t o t a l  accumulated h e a t  f l u x  con t r ibu t ion  by 
average temperature and p res su re  method f o r  two 
o r  more beam l eng ths ,  BTU)ft2-sec. 
Radiant h e a t  f l u x  by abso rp t ion  method f o r  a 
s i n g l e  beam length ,  FLE(J), BTU/ft2-sec. 
Tota l  accumulated r a d i a n t  h e a t  f l u x  by absorp t ion  
method f o r  two o r  more beam l eng ths ,  BTU/ft2-sec. 
One-half the  d i s t a n c e ,  nondimensionalized by D I A ,  















Des c r  i p  t ion  and Units  
One-half the  length ,  nondimensionalized by DIA, 
of a n  axis i n  the  e l l i p t i c a l  plane f o r  t he  
i n t e r s e c t i n g  r eg ion  t h a t  is formed by a beam where 
it p ie rces  t h i s  reg ion  and a po in t  on the axial 
l i n e  of t he  same region.  
Radius , nondimens iona l  ized  by D I A ,  measured i n  
the  same manner as t h a t  of A ( 1 ,  4 )  and correspond- 
ing t o  XD(J). 
Tota l  accumulated ABSIS increments t o  p o i n t  i n  
ques t ion. 
The t o t a l  accumulated shape f a c t o r  f o r  two o r  
more beam lengths .  
Perpendicular d i s t ance ,  nondimens iona l i zed  by 
DIA, between the base plane and the  nozzle  ex i t  
plane.  
Table of flow d i r e c t i o n  ang le s ,  r ad ians ,  obtained 
from a p l o t  of flow d i r e c t i o n  angle ,  shock angle ,  
and Mach number (Figure 1 3 ) .  
Table of Mach number values obtained from a p l o t  
of flow d i r e c t i o n  angle ,  shock angle ,  and Mach 
number (Figure 13) .  
One-half the length ,  nondimensionalized by D I A ,  
of an  a x i s  perpendicular  t o  R C ( J )  and i n  the  same 
e l l i p t i c a l  plane f o r  t he  i n t e r s e c t i n g  region.  
S t a t i c  temperature f o r  a l o c a t i o n  i n  t h e  exhaust 
plume, O R .  
Flow d i r e c t i o n  f o r  a given GAMMA, Mach number, 
FM(J), and shock angle ,  DELTA, rad ians .  
Flow d i r e c t i o n  angle  on t h e  axial  l i n e  of t h e  
i n t e r s e c t i n g  reg ion  corresponding t o  XD(J) , 
rad ians .  
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Descr ip t ion  and Uni t s  
A r b i t r a r y  d i s t ance ,  nondimensionalized by D I A ,  
t h a t  is measured i n  the same manner as is A ( 1 ,  1). 
(Simply numbered values  f o r  xD(J) make i t  e a s i e r  
f o r  the  use r  t o  p l o t  the r e s u l t s .  
s e t  equal t o  A ( I ,  1) i f  s o  des i red . )  
XD(J) can be 
Se lec ted  va lue ,  nondimensionalized by D I A ,  t h a t  
is s l i g h t l y  l a r g e r  than the  l as t  input  va lue  f o r  
XD(J). (The va lue ,  XD(L + l ) ,  is necessary s o  
t h a t  t he  s o l u t i o n  of shape f a c t o r  can be completed 
f o r  the  las t  increment. ) 
x-coordinate of po in t  a t  which l i n e  of s i g h t  
t o  I.R. p ie rces  plane of obs t ruc t ion .  
y-coordinate  of po in t  a t  which l i n e  of s i g h t  t o  
I .R.  p i e rces  plane of obs t ruc t ion .  
z-coordinate of po in t  a t  which l i n e  of s i g h t  
p i e rces  plane of obs t ruc t ion .  
V I .  INPUT 
ram r _  quires as input  c e r t a i n  c h a r a c t e r i s  t i c s  of the  rocke t  
e m i s s i l e  i n  ques t ion ,  the  base geometry and a flow f i e l d .  
Since the  input  requi red  is  q u i t e  ex tens ive ,  i t  w i l l  be t r e a t e d  as th ree  
sepa ra t e  top ics .  I n  add i t ion ,  the  d i scuss ion  w i l l  be r e s t r i c t e d  t o  the  
input  and how i t  is obtained leaving  the  a c t u a l  load format f o r  a sepa ra t e  
s ec t ion .  
A. Flow F ie ld  Descr ip t ion  
The program requ i r e s  ex tens ive  input  da ta  t o  desc r ibe  the 
downstream flow f i e l d .  This input  is received i n  the  form of t a b l e s  
of the  f r e e  exhaust plume p r o p e r t i e s ,  Mach numberj M, f low angle ,  e ,  
and plume r ad ius ,  R, as func t ions  of a x i a l  d i s t ance .  The a x i a l  d i s t a n c e  
and the  plume rad ius  are  nondimensionalized by the  ex i t  diameter  and 
w i l l  h e r e a f t e r  be r e f e r r e d  t o  by t h e i r  symbolic names X/D and R/D. The 
Mach number is no t  the c h a r a c t e r i s t i c  Mach number M+c b u t  is r e l a t e d  t o  








The angle  g is expressed i n  radians.  
a method of c h a r a c t e r i s t i c s  ana lys i s  as fol lows.  
These t a b l e s  are  obtained from 
I n  F igure  1 i t  may be seen t h a t  by a two-way i n t e r p o l a t i o n  
i n t o  t h e  method of c h a r a c t e r i s t i c s  ou tput ,va lues  of M and g may be 
found along a l i n e  of given r a d i a l  d i s t a n c e  from the  nozzle c e n t e r l i n e .  
I n  add i t ion ,  a t  the s p e c i f i c  X/D l oca t ion  a t  which the  M and 8 ' s  are 
found, the  f r e e  plume rad ius  must a l s o  be input  as shown i n  t h e  f igu re .  
The f i r s t  X/D chosen must be a t  the i n i t i a l  i n t e r s e c t i o n  p o i n t  and 
a d d i t i o n a l  X / D ' s  down the  plume may be chosen a r b i t r a r i l y ;  however, 
t he  bottom number must no t  exceed 60. 
Given now t h i s  s e t  of tables of M y  8, and R/D as func t ions  of 
X/D, t he  use r  next  inputs  the  X/D d i s t ances  a t  which he wants h i s  l i n e s  
of s i g h t  t o  p i e r c e  the  i n t e r s e c t i o n  region.  The input  f i x e s  the  number 
of increments i n t o  which the  i n t e r s e c t i o n  r eg ion  w i l l  be d iv ided;  thus ,  
i t  w i l l  gene ra l ly  be advantageous t o  input  as many as p r a c t i c a l .  The 
number of these  po in t s  is i n  no way r e l a t e d  t o  the  number of po in t s  i n  
the  above t a b l e s  except  t h a t  no more than 60 may be input ,  and the 
h i g h e s t  and lowest  va lue  must b e  wi th in  the  range of the  prev ious ly  
input  t ab le s .  
A review of the  obl ique  shock equat ions w i l l  show t h a t  the 
equat ion  r e l a t i n g  the  shock angle  6 t o  t he  flow d i r e c t i o n  angle  8 does 
not  a l low a 6 t o  ex is t  f o r  a l l  9 values .  I n  p a r t i c u l a r ,  f o r  a g iven  
s p e c i f i c  h e a t  r a t i o  and Mach number, t h e r e  e x i s t s  a maximum e beyond 
which a corresponding shock angle  does no t  e x i s t .  The program is made 
aware of t hese  l i m i t s  by input t ing  a t a b l e  of Mach numbers and the 
corresponding maximum 8 values s o  that i t  w i l l  no t  t r y  t o  s o l v e  f o r  a 
nonexis ten t  angle .  This t a b l e  cons i s t s  of ten va lues  and must be 
obtained f o r  t h e  c o r r e c t  s p e c i f i c  h e a t  r a t i o  as i t  varies s t r o n g l y  
w i t h  t h a t  parameter. 
B. Rocket Motor Input  
The g iven  rocke t  motor must be cha rac t e r i zed  f o r  t h e  program 
by inpu t t ing  its t o t a l  temperature, t o t a l  p ressure ,  its e x i t  diameter ,  
t h e  s p e c i f i c  h e a t  r a t i o  of its exhaust gases  and the  p re s su re  r a t i o  
(exit p re s su re  t o  ambient pressure)  a t  which the method of characteristics 
a n a l y s i s  w a s  run. 
C. Base Geometry 
Refer r ing  t o  Figure 10, t he  program needs the  d i s t ances  SXD 
and FK, both i n  the nondimensionalized (divided by the  ex i t  diameter)  
mode. I n  a d d i t i o n ,  the  loca t ion  of t he  blockage reg ions  and i n t e r s e c t i o n  
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reg ions  i n  a coordinate  system o r i en ted  a s  descr ibed  i n  Sec t ion  I I I D  a r e  
needed. The dimensions of t h i s  coordinate  system must be i n  f e e t .  
I n  a d d i t i o n  t o  the  above input ,  a number of cons tan ts  which 
e f f e c t  cont ro l  of the execut ion cycle  a r e  needed and a r e  descr ibed  l a t e r  
i n  the load format s e c t i o n .  
V I I .  OUTPUT 
The output  is l imi t ed  s i n c e  execut ion time is  a l r eady  q u i t e  long 
and excessive p r i n t  s ta tements  only make i t  longer .  A s  may be seen  i n  
Figure 11, the output is arranged i n  the  same l o g i c a l  order  a s  was 
followed i n  Sec t ion  111. The f i r s t  s e c t i o n  is devoted t o  the  tempera- 
t u r e  and pressure  p r o f i l e s ;  the  second t o  one r a d i a t i o n  method; the  
t h i r d  t o  the absorp t ion  method; and the  fou r th  t o  the  blockage c o r r e c t i o n  
f a c t o r s .  A s  may be seen ,  the  t o t a l  cumulative r a d i a t i o n ,  a s  we l l  a s  t he  
r a d i a t i o n  from the ind iv idua l  increments,  is summed i n  each case.  
Note t h a t  i n  the blockage co r rec t ion  s e c t i o n  each increment is  
divided i n t o  l e f t ,  middle and r i g h t  s i d e s .  
l i n e  of s i g h t  t o  each of these  th ree  po in t s  p i e rces  the  planes of the 
var ious  obs t ruc t ions  (xo, yo) a r e  p r i n t e d  out .  I f  the  l i n e  of s i g h t  is 
blocked, the  l a s t  s e t  of xo, yo coord ina tes  p r in t ed  out  a r e  w i t h i n  a 
blockage c i r c l e .  This is shown on the output  i n  Figure 11. 
The coord ina tes  a t  which the  
Figure 11 conta ins  the complete output  f o r  the sample problem i n  
Sect ion V I I I B .  
V I I I .  LOAD FORMAT AND SAMPLE PROBLEM 
A. Load Format 
A few b a s i c  r u l e s  f o r  w r i t i n g  a load format f o r  the GE 225 
For t ran  a r e  as follows: 
1. Fixed poin t  numbers must have an X before  t h e  number and 
must be immediately followed by a comma ( i . e . ,  X 3 1 , ) .  "X31 ;'I 
w i l l  be mis in t e rp re t ed .  
2. Each va lue  must be sepa ra t ed  by a comma ( i . e . ,  . 2 1 ,  .2646, ... 1. 
3. Every da ta  card must end wi th  an  a s t e r i s k  ( i . e . ,  
.28, .29, . 3 O f c ) .  
2 2  
c 
c 
4 .  Floa t ing  p u n t  numbers can be w r i t t e n  e i t h e r  i n  decimal form 
wi thout  exponent o r  with exponent ti.e., .000539 o r  5.39E-4). 
5. Any one da ta  car6  cannot con ta in  va lues  l i s t e d  on more than 
one read s ta  tement (RCD) 
6 .  Data must 5e s e t  up i n  the  same o rde r  as i t  is l i s t e d  i n  
the  read s t a t eue r l i  (RCD) . 
7 .  A l l  f l o a t i n g  po in t  numbers must have decimal po in t s  ( i .e . ,  
the  expres3ion 31 is not  permitted-). 
These r u l e s  must be followed e x p l i c i t l y .  
I n  t h e  fol lowing d i scuss ion  the inpu t  w i l l  be separa ted  i n t o  blocks.  
Each block of da t a  must go on one or more cards .  
new block must be the  f i r s f  i tem on a new card ;  i.e., no card may con ta in  
da t a  from two blocks.  
The f i r s t  i t e m  i n  each 
a .  Block 1 
(1) A f ixed  po in t  number expressing the  number of va lues  
i n  t h e  inpu t  t a b l e  of M vs  X/D. 
number of va lues  i n  the  e vs X/D t ab le  and the  R / D  vs X/D t a b l e  and must 
no t  exceed 60. 
This  number is of course a l s o  the  
(2) A f ixed  po in t  number g iv ing  t h e  number of X/D loca-  
t i o n s  a t  which t h e  use r  d e s i r e s  t o  iricrement h i s  i n t e r s e c t i o n  region.  
(3) A f ixed  po in t  number wi th  its va lue  determined from 
t h e  fol lowing.  
(a) X + 1 i f  obl ique shock r e l a t i o n s  a r e  d e s i r e d  
i n  the s o l u t i o n  of the  temperature and p r e s -  
s u r e  p r o f i l e s  . 
(b) X + 0 i f  Rankine-Huginot r e l a t i o n s  a r e  des i r ed .  
(c )  X - 1 i f  i s e n t r o p i c  flow r e l a t i o n s  are needed. 
( 4 )  A f l o a t i n g  po in t  number g iv ing  one-half t h e  d i s t a n c e  
between the  c e n t e r l i n e s  of t he  two motors which a r e  genera t ing  the  i n t e r -  
s e c t i o n  region.  This number is  the a c t u a l  d i s t a n c e  nondimensionalized 
by t h e  e x i t  diameter  of t he  motor. 
(5) The va lue  of the chamber t o t a l  p ressure ;  atmospheres - 
f l o a t i n g  poin t .  
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(6) The va lue  of the chamber t o t a l  temperature;  O R  - 
f l o a t i n g  point. 
( 7 )  The exhaust gas s p e c i f i c  h e a t  r a t i o ;  f l o a t i n g  po in t .  
b. Block 2 
A f l o a t i n g  p o i n t  number expressing the base pressure  t o  
e x i t  p ressure  r a t i o  f o r  which the method of c h a r a c t e r i s t i c s  run was made. 
c. Block 3 
se t  of f l o a t i n g  p o i n t  nilmbers i n  ascending order  express-  
ing tne  X/D coordinates  of t he  po in t s  a t  which the  M and 8 w i l l  be g iven ,  
d. Block 4 
A s e t  of f l o a t i n g  p o i n t  numbers expressing the  Mach numbers 
corresponding t o  the X/D l oca t ions  given i n  Block 3 .  
e. Block 5 
A s e t  of f l o a t i n g  po in t  numbers g iv ing  the  corresponding 8 
values  ; rad ians .  
f .  Block 6 
A s e t  of f l o a t i n g  po in t  numbers g iv ing  t h e  corresponding 
R/D's. (Note: Together Blocks 3 ,  4 ,  5, and 6 g ive  the  columns of a t a b l e  
i n t o  which the machine may go t o  i n t e r p o l a t e  the va lue  of any parameter 
(My 8 ,  R/D) a t  any given X/D va lue  during l a t e r  execut ion s t a g e s .  
a r e s u l t ,  extreme ca re  must be taken t o  a s s u r e  t h a t  proper correspondence 
i s  maintained between the  elements i n  the columns.) 
A s  
g. Block 7 
A s e r i e s  of f l o a t i n g  p o i n t  numbers g iv ing  the  X/D l oca t ions  
a t  which the plume i s  des i r ed  t o  be incremented. The number of these  
po in t s  is given i n  Block 1, p a r t  2. 
h. Block 8 and Block 9 
These two blocks conta in  the  maximum values  of M and e, 
r e s p e c t i v e l y ,  which a r e  used t o  prevent  the  program from so lv ing  f o r  a 
nonexis ten t  shock angle.  Refer r ing  t o  Figure 1 2 ,  n o t i c e  t h a t  f o r  a 
Mach number 4.0 and a flow angle  e of 55 degrees  no shock angle  6 e x i s t s .  
Thus, t o  prevent the  program from a t tempt ing  t o  s o l v e  f o r  shock angles  
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in cases  l i k e  t h i s ,  a t a b l e  of Mach numbers and the maximum corresponding 
8 angles  is input .  Figure 12 shows such a t a b l e  for Figure 12. This 
t a b l e  must have ten  values  - 
I .  
i. Block 10 
(1) Ex i t  diameter  of the rocke t  engines  used on the base  
being considered. A f l o a t i n g  p o i n t  number - f e e t .  
( 2 )  The percent  water vapor i n  the exhaust  plumes.  Float, 
ing p o i n t  N dimensionless.  
(3) A s e l e c t e d  X/D l oca t ion  equal  t o  the l a s t  X/D l o c a t i o n  
i n  Block 7 p lus  .l. F loa t ing  p o i n t  - nondimensionalized. 
j. Block 11 
(1) The d i s t a n c e  i n  the plane of t he  po in t  being analyzed 
from the  po in t  of view t o  t h e  axial  l i n e  of t he  i n t e r -  
s e c t i n g  region. This va lue  is always given a negat ive  
s ign .  A f l o a t i n g  po in t  number - nondimensionalized 
( see  F igure  10).  
(2) The ang le  formed by t h e  semi-major a x i s ,  BDIS(J), of 
t h e  e l l i p t i c a l  plane f o r  the i n t e r s e c t i o n  r eg ion  and 
a corresponding p ro jec t ion  of p a r t  of the  beam i n t o  
the  s a m e  e l l i p t i c a l  plane.  A f l o a t i n g  p o i n t  number - r ad ians  (see Figure 14) .  
(3)  The perpendicular  d i s t a n c e  between the  plane of t he  
p o i n t  being analyzed and the nozz le  exit  plane.  
f l o a t i n g  po in t  number - nondimensionalized- (see Figure 10). A 
k. Block 12  
(1) The number of blockage c i r c l e s  being considered. M u s t  
n o t  exceed 40. A f i x e d  p o i n t  number-dimensionless. 
(2) The x-coordinate of the  cen te r  of t he  i n t e r s e c t i o n  
reg ion  being considered. 
( including s i g n )  - f e e t .  A f l o a t i n g  p o i n t  number 
(3) The y-coordinate of t h e  cen te r  of t h e  i n t e r s e c t i o n  
reg ion  being considered. 
number - f e e t .  A f l o a t i n g  po in t  s igned  
25 
, 
1. Block 13 
A s e r i e s  of numbers expressing the  x-coordinates  of the 
blockage c i r c l e  cen te r s .  F loa t ing  po in t  s igned  numbers - f e e t .  
m. Block 14 
A s e r i e s  of numbers expressing the y-coordinate  of the  
blockage c i r c l e  centers .  F loa t ing  po in t  s igned numbers - f e e t .  
n. Block 15 
A s e r i e s  of numbers expressing the  z-coordinate  of the  
blockage c i r c l e  cen te r s .  F loa t ing  po in t  s igned number - f e e t .  
0. Block 16 
A s e r i e s  of numbers expressing the  r ad ius  of each of the 
blockage c i r c l e s .  A f l o a t i n g  p o i n t  number - f e e t .  
p. Block 1 7  
26 
(1) A value ,  e i t h e r  +1.0 o r  0.0 depending upon whether a 
new i n t e r s e c t i o n  reg ion  is t o  be analyzed next  o r  j u s t  
a new poin t .  This number is a command t o  the  machine. 
+1.0 i f  a new po in t  is t o  be analyzed or 
i f  t h i s  is the l a s t  p i ece  of da t a .  
0.0 i f  a new i n t e r s e c t i o n  r eg ion  is t o  be 
cons idered.  
(2) This va lue  is  +1.0 i f  the  i n t e r s e c t i o n  reg ion  being 
analyzed has an  x-coordinate  g r e a t e r  than the x-coordin- 
a t e  of the  po in t  being considered.  I f  t he  i n t e r s e c t i o n  
reg ion  has an  x-coordinate less .< than the po in t  being 
considered, then the  va lue  i n  t h i s  p o s i t i o n  is the  
x-coordinate.  A f l o a t i n g  po in t  nega t ive  ( a l l  x-coordin- 
ates a r e  nega t ive  according t o  the  def ined  coord ina te  
system i n  Sec t ion  IIID) number - f e e t .  A s  c l a r i f i c a -  
t i o n ,  a case where the  x-coordinate  must be input  i n  
t h i s  manner is i l l u s t r a t e d  i n  F igure  15. 
. 
B. Sample Problem 
A s  a sample problem a n  ana lys i s  of the r a d i a t i o n  inc iden t  on 
a po in t  on the  t h r u s t  s t r u c t u r e  of the S - I 1  s t a g e  from two of t he  e i g h t  
I . R . ' s  w i l l  be  made. 
geometr ical  input .  
coord ina te  sys  t e m  t o  inpu t  the coordinates of t he  i n t e r s e c t i o n  reg ions  
and blockage regions.  
and o t h e r  f e a t u r e s  of t h e  base  a re :  
Figure 16 shows the base  wi th  some of t he  necessary  
Figure 17 shows the  same base drawn i n  t h e  necessary 
Other necessary input  d a t a  concerning the  engine 
c 
Chamber To ta l  Pressure:  43.004899 atmospheres. 
Chamber To ta l  Temperature:  5760 O R  
E x i t  Diameter: 6.6666 f e e t  
Distance between Engine Center l ines :  12.37 f e e t  
S p e c i f i c  H e a t  Ra t io  of Exhaust Gases: 1.23 
Percent  Water Vapor i n  Exhaust Gases: 63% = .63. 
Now a method of c h a r a c t e r i s t i c s  a n a l y s i s  of a 5-2 engine f r e e  
From t h i s  we plume expansion i n t o  quiescent  a i r  must be obtained.  
d ev e 1 op the f o 1 1 owing t ab  1 e. 
TABLE I 
(Note t h a t  t he  axial  d i s t a n c e  and radius  have a l r e a d y  been d iv ided  
through by the  ex i t  diameter ,  6.6666 f t . )  
A 
X/D 
- D - C B 
M Theta - g Free Plume 
- - 
Expansion Radius - R/D 
.55300 5.55 .59932 .932 
.60577 5.678 .61166 ,971 
.68793 6.121 .69823 1.022 
.75513 6.027 .65766 1.062 
.82400 6.01 .63600 1.103 
.87308 5.89 .60129 1.131 
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It has been decided t o  break up the  plume i n t o  increments a t  
t he  fol lowing X/D loca t ions :  
.56, .60, .7 ,  .8, .9 ,  1.0, 1.1, 1 . 2 ,  1.3, 1.4, 1.5, 
1.6, 1 .7 ,  1.8, 1 .9 ,  2.0, 2.1, 2.2, 2.3, 2.4, 2.6, 
2.8, 3.0, 3.2, and 3.3. 
In  add i t ion ,  the graph shown i n  Figure 12 has been made and 
the va lues  shown i n  Figure 13 have been chosen a s  the maximum Thetas 
and Mach numbers. With t h i s  d a t a ,  the f i r s t  p a r t  of the program may be 
loaded. 
1. Block 1 
a. There a r e  32 f igures  i n  each column of Table I. 
The va lue  loaded here  is X32. 
b. According t o  the X/D l oca t ions  shown above, the 
reg ion  is t o  be incremented a t  25 X / D ' s .  Value 
loaded is X25. 
c. Oblique shock theory is  des i r ed .  X + 1. 
c 
d. One h a l f  the d is tance  between rocke t  engine center -  
l i n e s  d iv ided  by the e x i t  diameter is .92773. 
e .  Value i s  43.004899. 
f .  Value is 5760.0. 
g. Value is 1.23. 
2. Block 2 
The pressure  r a t i o  f o r  t h i s  run  was .0185. 
3. Block 3 
Load here  column A of Table I i n  order  going down, 
taking as many cards a s  needed. 
4 .  Block 4 
Load here  column B. 
29 
5 .  Block 5 
Load he re  column C. 
6 .  Block 6 
Load here  column D. 
7. Block 7 
Load here  the  25 values  of X/D l o c a t i o n s  l i s t e d  on page 28. 
8. Block 8 
Load he re  column A of Figure 13. 
9. Block 9 
Load here  co1umn.B of Figure 13. 
10. Block 10 
a. The - e x i t  diameter  of the engine is  6 . 6 6 6  f e e t .  
b. Value is  . 6 3 .  
c. Since the  l a s t  va lue  i n  column A of the  input  
t a b l e  is 3.35044, the va lue  loaded here  is 
3,45044. 
11. Block 11 
a .  Refer r ing  t o  Figure 16 and remembering t o  non- 
dimensional ize  by d i v i s i o n  by the  e x i t  diameter ,  
the va lue  loaded he re  is - .81404. 
b. From the  same f i g u r e ,  the va lue  ( i n  r ad ians )  loaded 
is 1.57079. 
c. Value he re  is -2.09559. 
Now another  t a b l e  is made. Refer r ing  t o  Figure 1 7 ,  
l o c a t e  the blockage regions (which a r e  the h e a t  s h i e l d  




B 1 ockag e x-coordinate  
A - 
Hea t Shie  1 d 0.0 
Engine I -6.19 
Engine 'I1 6.19 
Engine 111 6.19 
Engine I V  -6.19 



























Also i t  is noted t h a t  the  i n t e r s e c t i o n  reg ion  i s  loca ted  
a t  X = -6.19, y = 0.0. Now t h i s  new da ta  is loaded. 
12. Block 12 
a. There a r e  s i x  blockage reg ions  s o  X6 is loaded here.  
b. -6.19 is the  value as noted above. 
' c .  0.0 is loaded here. 
13. Block 13 
Load he re  column A of Table 11. 
14. Block 14 
Load he re  column B of Table 11. 
15. Block 15 
Load he re  column C of Table 11. 
16. Block 16 
Load h e r e  column D of Table 11. 
17. Block 1 7  
c 
a.  Since a new i n t e r s e c t i o n  reg ion  is t o  be analyzed 
the f i r s t  tendency would be t o  load 0.0 i n  t h i s  place.  
31 
However, i t  is  apparent  t h a t  a c t u a l l y  the  new 
i n t e r s e c t i o n  reg ion  is formed by two motors separa ted  
by the  same d i s t a n c e  as be fo re  and formed by engines 
wi th  the  same c h a r a c t e r i s t i c s  a s  before .  
e f f e c t  the same i n t e r s e c t i o n  reg ion  is being analyzed 
b u t  from a d i f f e r e n t  po in t .  1.0 is input  here .  This 
t e l l s  the machine t h a t  i t  need no t  c a l c u l a t e  new 
temperature and p res su re  p r o f i l e s  and t h a t  i t  may 
s t a r t  execut ion wi th  Chain I1 i n s t ead  of Chain I. 
Thus, i n  
b. 1.0 is input  here  because c l e a r l y  the  i n t e r s e c t i o n  
reg ion  is a t  a l a r g e r  x-coordinate  than is  the po in t .  
The input  f o r  t he  f i r s t  i n t e r s e c t i o n  reg ion  a n a l y s i s  
is now complete. D i r e c t l y  behind i t  t h e  da t a  f o r  t he  second i n t e r s e c t i o n  
reg ion  is loaded. Of course,  s i n c e  the  machine a l r eady  has i n  memory the  
necessary i n t e r s e c t i o n  reg ion  da ta ,  Blocks 1 through 9 need no t  be input  
again.  
t he  following is loaded: 
S t a r t i n g  wi th  Block 10 and proceeding i n  the  same manner as be fo re  
18. Block 10 
a.  6.6667 
b. .63 
c. 3.35044. 
19. Block 11 
a .  - 1.97363 
b. .4895 
C. 2.09559. 
20. Block 1 2  




21. Block 13 
Column A,  Table 11. 
c 
22.  Block 14 
Column B y  Table 11. 
23. Block 15 
Column C y  Table 11. 
24. Block 16 
Column D ,  Table 11. 
25. Block 17 
a. Load he re  now 1.0. The machine w i l l  cont inue t o  
execute,  w i l l  t r y  t o  read da ta  f o r  Block 10 and 
f ind ing  none, w i l l  s top .  
b. 1.0. 
Figure 18 p resen t s  the inpu t  f o r  t h i s  problem a s  i t  appears  
on t h e  input  cards .  
IX. CONCLUSIONS AND RECOMMENDATIONS 
1. This program may be used to  estimate r a d i a n t  h e a t  f l u x  r a t e s  
t o  va r ious  miss i le  bases from i n t e r s e c t i o n  reg ions  produced by H2-0, 
engines  . 
2. Poss ib l e  inaccurac ies  can e x i s t  i n  the ca l cu la t ed  i n t e r s e c t i o n  
r eg ion  p r o p e r t i e s ,  the  emis s iv i ty  da ta ,  o r  i n  the  a p p l i c a t i o n  of equa- 
t i o n  (15). 
3. Other inaccurac ies  a r i s e  because of t he  f a c t  t h a t  second and 
h i g h e r  order  i n t e r s e c t i o n s  a r e  ignored, r a d i a t i o n  from plume t o  plume 
is ignored,  and blockage by intervening gas masses is ignored. 
4 .  Fur ther  work is  needed i n  a l l  the a reas  mentioned i n  2 and 3 
above. I n  p a r t i c u l a r ,  a n  accu ra t e  method t o  c a l c u l a t e  the  reg ion  pro- 
p e r t i e s  and a n  accu ra t e  method of accounting f o r  second order  regions 
is e s s e n t i a l  before  accu ra t e  es t imates  can be made. 
c 
33 
5. Measurements, p re fe rab ly  i n f l i g h t ,  must be made before  these  
a n a l y t i c a l  approaches can be completely t r u s t e d .  Ins t rumenta t ion  must 







































































Line of Sight .  HYP i s  located 
d i r e c t l y  below this  line i n  a 
plane para l l e l  to xy plane. 
FIGURE 7. PLANE OF OBS'I'KUCTION GEOMETRY 
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I F  (DATA-AHG) 1 6 r 4 V r l Y  019 
FIGURE 8. RADIATION PROGRAM PRINTOUT 
42 
. 
FIGURE 8. RADIATION PROGRAM PRINTOUT (Continued) 
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FIGURE 8. RADIATION PROGRAM P R I N T O U T  (Continued) . 
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. 
FIGURE 8. RADIATION PROGRAM PRINTOUT (Continued) 
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FIGURE 8. RADIATION PROGRAM PRINTOUT (Continued) 
47 
FIGURE 8. RADIATION PROGRAM PRINTOUT (Continued) 
48 
c 
I .  
389 PC=FUNT*(UPL-UPH) 3.4 a - -  I ? /  u 
GO TO 395 330 
TW=TEMP(L) 3jL 
 
3w r w  - -  a 3~ 
L 
FIGURE 8. RADIATION PROGRAM PRINTOUT (Continued) 
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FIGURE 8. RADIATION PROGRAM PRINTOUT (Continued) 
50 
f 
7 1  P R I N T  / Q  
29  F O H M A T ( 1 9 H L t F T  5IUt OF H t G I U N / / )  
? 
A I N T X Z X L - P X  
A I N T Y s Y I  
GO TO 40 
2 3  P R I N T  4 1  
41 FOt3MAT( 1 6 H M I D D L E  OF KEGION//) 
A I h T X = F I N T X  - Px 
A I N T Y = F I N T Y  , 
GO TO 40 r 
25 P K I N T  42 
L 7  F W T O n w G H T  U F  OF wl-[lLunL//I c 
c 
FIGURE 8. RADIATION PROGRAM PRINTOUT (Continued) 
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FIGURE 8. RADIATION PROGRAM PRINTOUT (Concluded) 
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i 
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K - 1 . 1 0  ?7 
PANKINE- 
FIGURE 9 .  FLOW DIAGRAM 
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START 
CHAIN 2 I:! INPUT SECOND 





-Do NOT SATISFIED 
CONTINUE 
DO SATISFIED 

































SOLVE 0 SOLVE I 
SOLVE SOLVE 














I I * SOLVE 
 
FIGURE 9. F L O W  DIAGRAM (Continued) 
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C 
L SOLVE gMT SOLVE 
- s .  SOLVE 
SOLVE I POI& 
i M-2 50 2 
YOC-3 









CALL CHAIN 4 
I 
I END - 
FIGURE 9. FLOW DIAGRAM (Continued) 
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x co.: 0 
SOLV:: SOLVE 
x ll XR 



















Do SATISFIED t- + 





CHAIN 2 9 CHAIN 1 9 
CONTINUE 3 





- e  
F M I J I  
XOIJ I .  . n . w r 7  E 01 TIJI P I J I  0 . 2 0 4 2 1 E i ' l O  TEMPIJI. 
XDIJI. 0 . 6 0 0 0 0 ~  on 
F M I J I  . n . 5 6 h d ' E  01 T l J l  = 0 . 6 1 0 3 t F  0 0  P l J l  = 0 . 2 0 8 2 0 E - , l n  TEMPIJI. 0 .33569E 0 4  
F M I J I  P I J I  0 . 1 7 5 9  7E - 11 0 TEMP I JI. 
XDIJI. o.iinno6 n i  
F M I J I  . 0.5715 'E  0 1  T l J l  * 0 . 5 1 7 1 4 F  10 P l J l  . O . l S J 4 S E - 0 0  T E M P I J I .  0 . 2 1 5 8 7 E  0 4  
X D I J I .  0.120008 01 
F M l J l  rn 0.97964E 01 T l J l  0.488lhF-nO P l J l  . 0 . 1 4 5 9 7 E - : O  TEMPIJ I .  0 .27210E 04 
X D I J I .  
n . 5 7 1 2 - ~  UI TIJI P l J l  TEMPI  JI. 
XDIJI. o. i .onnF o t  
C M f J I  . 0.9696*E O t  T I J I  s 0 . 4 4 0 4 5 F - 1 0  P l J l  . 0 . 1 2 4 E l E - u r l  T E M U I J I *  0 . 2 9 0 4 1 E  n 4  
X @ I J I *  0.150oOF 9 1  
I M I J I  0 . 5 0 0 0 1 E  U 1  T l J l  m 0 . 4 2 0 3 9 F - 1 0  P l J l  . O . l l b d 2 E - i n  TEMPfJ I .  0 .24168E 0 4  
r M I J 1  
X D l J l -  
n.3600'lE 0 1  T l J l  
XOIJ I .  
Oe.ibQl4E 01 T I J I  
P l J l  
P l J l  
0.234358 0 4  
XOlJ l .  0.210nOF 0 1  
F M l J l  m 0.57145E U 1  T l J l  * 0 . 3 4 0 1 4 ' - 0 0  P I J I  . 0.1148BOE-Ul T E N P I J I .  0 . 2 0 9 2 2 E  0 4  
FMIJI 
X D I J I .  
0 . 9 7 9 3  E  01 T I J I  P I J I  TEMPIJI. 0.10$34E 04 
XDIJ I .  0.3ZOOOF 0 1  
F M I J I  m n . 5 7 1 7 4 E  0 1  T I J I  0.30013F-00 P l J l  1 0.712661-111 TEMPiJ I .  O.19502E 0 4  
XDfJ I .  0 . 3 3 0 0 O F  0 1  
F M l J l  0 . 5 6 0 5 - E  01 T l J l  . 0.30673F-nO P l J l  . 0 . 7 3 5 9 3 E - l l l  TEMPIJI. 0 . 1 9 7 4 6 E  0 4  
FIGURE 11.. RADIATION PROGRAM,  S A M P L E  P R I N T  OUT 
6 2  
0 BY A V T  AVP HETHnll 
FKm-0.81404F 00 
P H I =  0 .15708F 01 
.Jm- 1 
X D I J I s  0 . 5 6 n o n E  













EMIS.  0.39607E-00 
€ M I S .  0.44783E-00 
C M I S m  0.484916-00 
€ M I S =  0.428646-00 
ORAD. 0 ,402296-03 ORADS. 0.23247F-02 
J= 1 0  
X D I J l m  0.14nOOE 0 1  
Ja 1 3  
X D I J I 8  0.17flOOE 0 1  
F I G U R E  1 1 .  RADIATION PROGRAM, S A M P L E  P R I N T  OUT (Continued) 
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Jm 23 
Y D I J l a  O . T n n n n E  0 1  





OQ108. 0 .  
0001s. 0 .  
FIGURE 11. RADIATION PROGRAM, SAMPLE PRINT OUT (Continued) 
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J. 14 J. 1 0  
LEFT S l U E  OF R F G l O ' ,  
. 
F I G U R E  1 1 ,  RADIATION PROGRAM, S A M P L E  P R I N T  OUT (Continued) 
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c 
F I G U R E  1 1 .  RADIATION P R O G W M ,  S A M P L E  PRINT OUT (Continued) 
67 





X D I J I m  0.t7flOnE 0 1  
OLED. 0.65208F 0 1  AVTEM. 0 .212228 04 PW211. 0.549988-01 SSF' 0 .579101-02 FMIS. 0.11745E-00 
ORA!). 0.51934E-OS ORAOS. 0.5700OF-02 
J= 14 




ORAD. 0.61364E-03 ORADS. 0.140S2F-01 
J. 25  
x D I J I .  0.53aonE 0 1  
FIGURE 11. RADIATION PROGRAM, SAMPLE PRINT OUT (Continued) 
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O0D.m O.11091E-03 O R I l A q m  
J. 1 9  
X D I J I .  0 .230OoE 01 





L C F l  S l O E  OF RFGlO' 
NO. O . L I I 4 4 9 3 3 E  0 1  
MIDDLE OF REQlON 
IO. O.bP5l lCShE 0 1  
0 1  
0 1  
n i  
01 
t l l  
0 1  
0 1  
0 1  
10. O.lbbb9759C 0 1  
J. 7 
LEFT S l U C  OF U F G l U  
FIGURE 11. RADIATION PROGRAM, SAMPLE PRINT OUT (Continued) 
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XO. 0 . 5 2 4 9 0 6 9 9 E  O! 
ORAD. IJ. 
01101. i l .  
LEFT S l D F  OF HcClO 
YO. 0 .4143U112E 0 1  
M lnDLE OF RERlnhr 
YO. 0 . 4 3 6 L l l 9 6 C  0 1  
LEFT S I D E  OF R E b I O  
10. 0.47,6635++ 0 1  
H IODLE OF WEOlflN 
KO. 0 . 4 2 ~ ~ ? 7 i n ~  0 1  
Yo- 0 . 1 8 9 2 7 5 9 1 F  01 
Yo. 0 . 7 9 7 9 1 4 I S F  0 0  
onAns. 0 .  
0RDAS* 0 .  
J- 1 7  
R I G H T  q l n F  OF " E n 1  N 
IO. 0 . 5 0 3 7 6 7 6 7 E  0 1  Yn. 0 . 7 5 0 2 9 0 4 2 5  0 0  
nRin. tu. O R A D S .  0 .  
O R D A .  0 .  ORDAS.  0 .  
J. i n  
LEFT sin6 OF R C C I O  
XU. 0 .409CU071k  01 vn. n . i 8 7 6 i 4 l o ~  01 
MInDLE OF R E O l n h  
X O *  0.4OPH32866 0 1  Y O *  0 . 1 0 9 2 6 2 4 3 F  0 1  
R I G H T  S l n F  OF Q F C l  1N 
KO. 0 . 4 9 5 2 5 9 5 9 E  0 1  '111. 0 . 7 0 4 9 2 8 7 4 5  0 0  
ORAD. 0. ORAnSn 0 .  
a m r =  0, 0 R O A S .  0. 
J* 1 9  
LEFT SlUF OF R F G l O  
X @ =  0.45107237F 0 1  YO. 0 . 1 8 6 8 7 6 6 3 F  0 1  
MInDLE OF REOInhr 
KO. 0 . 3 9 7 3 7 n 7 7 ~  0 1  vn. n . i o w 4 o n o ~  01 
R ~ o u T  p i n 6  OF i l ~ n l i i ~  
XO. 0 . 4 0 1 7 4 5 0 1 t  01 *'I. O . b b I t l O b 7 6 F  0 0  
O R A D .  0 .  ORA0.s. 0 .  
ORDA. U. ORDAS. 0 .  
Y l l U  BLOCWAGE P V I I R * C T I O N , T U E  R A D I A T I V E  I I  111 nv 
@'I THE A O ~ O R C T I O N  'ETHQD, IT I S  0 .  
YO. n . 1 8 3 9 4 0 7 5 F  01 
LEFT S I D F  OF RCCiO' 
KO. 0 . 3 6 1 3 9 1 V 4 E  0 1  
MIPDLE OC REGION 
XD. 0.29.22514E 0 1  
J. 2 5  
YO. n . 1 8 1 9 b 4 1 3 5  0 1  
vnm 0 . 7 ~ 0 7 5 4 5 ~  0 0  












































NOTE: Values a t  1.4, 1.8, 5.0, and 10.0 a r e  i n t e r p o l a t e d  from 
Figure 12. Notice t h a t  because of t he  purpose of the  t a b l e  
our values  f o r  the  maximum Theta a t  any g iven  Mach number a r e  
on the low s i d e  of the a c t u a l  maximum. 
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F I G U R E  18. CHAIN I N P U T  DATA F O R  INTERSECTION REGIONS 
79  
* 








































With r e fe rence  t o  Figure 19, the form f a c t o r  F from the  r eg ion  t o  
a r e a  dA, is g iven  by Reference 2 t o  be 
(33) 
- ,) dxp - ( ~ p  - X I )  dyp 
1-A2 = § (yp 2 a "  
C 
Since A, is assumed p a r a l l e l  t o  the xz p lane  then dy, = 0 and 
F = §  
dA 1 4 2  
C 
By choosing dA, a t  the  o r i g i n  
y1 = x1 = 2 1  = 0. 
Then, 
c 
Now the  magnitude of the  r ad ius  vec tor ,  r ,  is def ined  by 
r2 = x22 + y2 2 + z22 = x~~ + K2 + 2Z2 




z, = m x2 + b. 
Therefore ,  
( 3 9 )  
r2 = (1 + m2) xZ2 + (2mb)x2 + (K2 + b2) 
and 
dx, 
(1 + m2) x22 + (2mb)x, + (K2 + b2) 
C 
(41-1 
In t eg ra t ing  and proceeding around the  t rapezoid  i n  the  d i r e c t i o n  ind ica t ed  
y i e l d s  
-d K2 + (b, + b, + b3)2 
( 4 3 )  
and 
= I, + I,. FdA 1-A2 (44  1 
84 
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